This study was designed to investigate the role and regulation of arterial membrane K + channels in hypertension. Aortic segments from normotensive Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR) were suspended for isometric tension recording. In other experiments, proximal aortic segments (PS) (exposed to high pressure) and distal aortic segments (DS) (exposed to lower pressure) were removed from surgically coarcted Sprague-Dawiey rats and similarly prepared. Aortas from SHR and PS dose-dependently contracted to the K + channel blocker tetraethylammonium (TEA) (0.1-10 mM), and this contraction was abolished by preincubation with 0.1 jtM nifedipine. In contrast, the same concentrations of TEA did not contract either WKY or DS aortas. Since block of K + channels by TEA had a different effect on aortic segments exposed to high versus low blood pressure, we compared whole-cell K + currents in isolated vascular cells from the same aortas. The reversal potentials of depolarizationinduced outward currents in WKY, SHR, DS, and PS aortic cells showed a Nernst relation to external K + concentration indicative of selective K + permeability. TEA (1 and 10 mM) was equipotent in blocking these K + currents in patch-clamped cells from all aortic preparations, suggesting that the lack of TEA-induced contractions in WKY and DS aortas was not due to an absence of TEA-sensitive K + channels in these arterial membranes. However, when the Ca 2+ ionophore A23187 (10 /iM) was used to increase the level of cytosolic Ca 2+ in patch-clamped cells, the K + current density in SHR and PS aortic cells was twofold or more higher than in WKY and DS cells. These data suggest that a Ca 2+ -activated, TEA-sensitive K + current is enhanced in aortic muscle cells exposed to high blood pressure. In the intact blood vessel, this may act as a compensatory mechanism to modulate the level of arterial contraction in hypertension. hypothesis that an increased K + permeability regulates arterial reactivity in genetic and experimental rat models of hypertension. In addition, patch-clamp experiments were performed to investigate the ionic channels and cellular mechanisms mediating the enhanced efflux. Our results suggest that a tetraethylammonium chloride (TEA)-sensitive, Ca 2+ -dependent K + current is increased in aortic muscle membranes from hypertensive rats. This K + current appears to be an important modulator of arterial contraction in arteries previously exposed to high blood pressure.
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"
5 This finding of enhanced K + permeability is compatible with a local compensatory mechanism since an increased K + efflux would hyperpolarize arterial membranes, inactivate voltage-dependent Ca 2+ channels, and cause vasodilation. 6 -8 It is unknown if this altered K + permeability modulates arterial reactivity in vascular smooth muscle exposed to hypertension. Therefore, in the present study we used standard tension-recording methods to test the hypothesis that an increased K + permeability regulates arterial reactivity in genetic and experimental rat models of hypertension. In addition, patch-clamp experiments were performed to investigate the ionic channels and cellular mechanisms mediating the enhanced efflux. Our results suggest that a tetraethylammonium chloride (TEA)-sensitive, Ca 2+ -dependent K + current is increased in aortic muscle membranes from hypertensive rats. This K + current appears to be an important modulator of arterial contraction in arteries previously exposed to high blood pressure.
Methods Adult (12-16 weeks) Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR) were obtained from Taconic Farms, Germantown, N.Y. On experimental days, blood pressure was measured by femoral catheterization during pentobarbital anesthesia (45 mg/kg i.p.). Mean arterial pressures (MAP) in WKY and SHR were 98±3 mm Hg and 140±5 mm Hg, respectively. In other experiments, Sprague-Dawiey rats (10 weeks) obtained from Sasco, Madison, Wis., were anesthetized with telazol (40 mg/kg i.m.), and the aorta was partially ligated between the renal arteries with 2-0 braided silk, similar to methods previously described.
anesthetized again with telazol (40 mg/kg i.m.), and MAP above and below the coarctation were estimated by catheterization of femoral and common carotid arteries. Measurements proximal to the coarctation showed elevated MAP of 185±8, 189±6, and 181±12 mm Hg at 1,2, and 4 weeks after coarctation. The distal pressures were 111 ±9,106±7, and 118±12 mm Hg at 1, 2, and 4 weeks, respectively. Aortas were removed from all rats after blood pressure determination and placed in physiological salt solution (PSS) as described below.
Tension Recording
Thoracic aortas from WKY and SHR and proximal (PS) and distal (DS) aortic segments from aortic-coarcted Sprague-Dawley rats were cut into 3-mm segments and suspended between stainless steel triangles in water-jacketed tissue chambers. The chambers were filled with a standard HCO 3 -buffered PSS aerated with a 93% O 2 -7% CO 2 gas mixture to maintain pH 7.4 (37°C). Changes in tension were displayed on an EGA monitor and simultaneously digitized and stored on a computer. Data were acquired and analyzed using CO-DAS software (Dataq Instruments, Akron, Ohio), and a hard copy was obtained on a printer. The optimal length-tension relation was determined for each segment by evaluating contractions to 60 mM KC1. After a 30-minute resting period, cumulative dose-response curves to half-log concentrations of TEA (0.1-10 mM, Sigma Chemical Co., St. Louis, Mo.) were performed. After full washout, some segments were exposed to 0.1 fiM nifedipine (Sigma) for 15 minutes before doseresponse curves to TEA were repeated. In other experiments, a median effective dose of norepinephrine (Sigma) (ED50, 10 nM) was used to precontract WKY and DS aortic segments before TEA application.
Cell Isolation
Aortic tissues from SHR, WKY, PS, or DS were placed in a low-Ca 2+ PSS containing (in mM): NaCl 119, KC1 4.7, Mg2SO 4 1, HEPES 10, CaCl 2 0.5, and glucose 5.0 (pH adjusted to 7.4 with 1 M NaOH). The tissue was cut into 1-mm segments and transferred to a 2-ml vial of low-Ca 2+ PSS that contained 500 units/ml collagenase Type II (Worthington, Freehold, NJ.), 2 units/ml papain (Worthington), and 4 mM dithiothreitol (Sigma). This vial was placed in a water-jacketed beaker on a microstirrer, and aortic segments were stirred at 5 rpm for 1-1.5 hours at 37°C. Remaining pieces of vessel were disrupted mechanically with a Pasteur pipette. The cell suspension was then filtered using 100 x mesh, transferred to a test tube containing low-Ca 2+ PSS, and centrifuged at 900 rpm for 10 minutes. The cell pellet was resuspended in a test tube containing low-Ca 2+ PSS, and the tube was placed on ice. This dissociation method provided a final yield of approximately 6X1O 5 aortic cells/ml. Tests conducted on cell suspensions from 19 different isolations showed that 86% of single cells excluded trypan blue (0.2%) at 3 minutes. Most cells were elongated, and 94% (16 of 17) were contracted by 18±1% during exposure to 60 mM KC1. Patch-clamp experiments were begun immediately after isolation on elongated aortic cells.
Whole-Cell Patch-Clamp Recording
A drop of aortic cell suspension was placed in a perfusion chamber (25°C) on the stage of an inverted Olympus IMT-2 microscope (Leeds Precision Instruments, Minneapolis, Minn.) equipped with modulation contrast. After cells adhered to the underlying glass coverslip, the chamber was superfused with an external solution consisting of (mM): NaCl 135, KC1 4.7, MgCl 2 1, CaCl 2 With the help of 500 x magnification, a hydraulic Narishige micromanipulator (Tokyo, Japan) was used to position pipettes on membranes of single aortic cells. High resistance seals (3-30 Gfl) were obtained by light suction, and sharper suction was applied to remove the pipette patch for whole-cell recording. 10 Membrane potential was clamped and current was measured by a List EPC-7 amplifier (Darmstadt/Eberstadt, FRG). Signals were passed through an 8-pole bessel filter with a cut-off frequency of 500 Hz. The amplifier and computer were interfaced by a TL-1 DMA board (Axon Instruments Inc., Foster City, Calif.). Data acquisition was controlled by commercial P-CLAMP software (Axon Instruments Inc.), and data were digitized and stored on a hard disk to permit analysis at a later time.
Membrane area was estimated by integrating capacitive currents generated by 10 mV hyperpolarizing pulses after electronic cancellation of the patch-pipette capacitance. Using this method, the capacitances of aortic myocytes from WKY, DS, SHR, and PS were calculated as 9.4 ±0.2 pF, 10.2±0.2 pF, 12.4±0.4 pF, and 13.1±03 pF, respectively (n=12-21). Dividing these values by an assumed membrane capacitance of 1 /iF/cm 2 gave estimated cell surface areas of (xlO" 4 cm 2 ): 0.094 (WKY), 0.102 (DS), 0.124 (SHR), and 0.131 (PS). Peak K + current amplitudes were individually calculated and plotted in pA/pF to normalize for differences in cell size.
Statistics
Data were expressed as the mean±SEM. Contraction measurements were expressed as percent of response to 60 mM KC1 to normalize for differences in contraction amplitude between preparations. The Student's t test (p^O.05) for paired or unpaired observations was used for statistical comparisons.
Results
Effect of TEA on Basal Tension
To determine if an underlying K + current regulated vascular reactivity in WKY and SHR aortas, cumulative concentrations (0.1-10 mM, half-log units) of TEA were applied to block basal K + conductance in WKY and SHR aortic segments. In all experiments (n = 10), application of TEA resulted in a large dose-dependent contraction of SHR aorta, whereas WKY aorta did not contract ( Figure 1A ). This contraction to TEA in SHR aortas was not altered by 30 minutes' preincubation with 1 fiM phentolamine and 10 fiM indomethacin («=4), suggesting that it was not mediated through release of norepinephrine or indomethacin-sensitive constrictor prostanoids.
11 " The same tension-recording protocol was used to compare the effect of TEA on PS and DS of surgically coarcted aortas. One week after surgery, 40% (2 of 5) of PS aortas showed low amplitude contractions to TEA ( Figure IB) . Two weeks after coarctation, 82% (14 of 17) of PS showed prominent, dose-dependent contractions ( Figures IB and 1C) . The amplitude of these TEA-induced contractions was not enhanced further after 4 weeks (n=4, not shown). In contrast, DS aortas removed either 1 week («=5) or 2 weeks (« = 10) after coarctation did not contract to increasing concentrations of TEA ( Figures IB and 1C) . However, when DS or WKY segments were precontracted by norepinephrine (EDso, 10 nM), a TEA-induced contraction was unmasked ( Figure ID) . This suggested the presence of an enhanced TEA-sensitive K + conductance in these preparations after o-adrenergic stimulation.
Effect of Nifedipine on TEA-induced Contractions
To clarify the mechanism by which TEA contracted SHR and PS aortas, the effect of nifedipine on TEAinduced contractions was examined in another set of experiments. Experimental and control segments were run in parallel to rule out time-dependent changes in vascular reactivity. Dose-dependent contractions to TEA were obtained in segments from five SHR and five PS aortas. After washout of TEA for 1 hour, experimental segments were preincubated for 15 minutes with 0.1 uM nifedipine and reexposed to the same concentrations of TEA. Nifedipine completely abolished TEAinduced contractions in all SHR and PS aortas studied (Figure 2 ), indicating that TEA-induced contractions were dependent on Ca 2+ -influx through voltage-dependent Ca 2+ channels.
Comparison of K + Currents
The whole-cell patch-clamp technique was applied to compare the density of voltage-sensitive K + currents between WKY and SHR and between DS and PS aortic cells obtained 2 weeks after surgery. Progressive voltage steps (10 mV) from a holding potential of -60 mV to +60 mV elicited outward currents, which showed outward rectification on the current-voltage (I-V) plot (Figure 3) . We tested for the K + selectivity of outward current by measuring the reversal potentials of tail currents in external K + concentrations ([K + ] o ) of 1, 4.7, and 20 mM. In these experiments, outward currents were elicited by a 600 msec voltage depolarizing step from -90 mV to +70 mV, followed by a 500 msec pulse to more "],,, these potentials were more positive than those predicted by the Nemst equation, 14 as has been noted previously. 15 However, the slopes of the plots were -58.5 (WKY), -56.2 (SHR), -56.5 (DS), and -54.3 (PS), similar to the slope of -5 8 predicted for a purely K + -selective channel by the Nernst equation.
FIGURE 2. Representative recordings show effect of 0.1 nifedipine on tetraethylammonium (TEA)-induced contractions in spontaneously hypertensive rat (SHR) and proximal segment (PS) aortas. Dose-response curves to TEA (0.1-10 mM) were recorded in aortic segments from (panel A) SHR aortas or (panel B) PS aortas. After washout of TEA, 0.1 \LM nifedipine (NIF) was added for 15 minutes before a second dose-response curve to TEA was initiated. Nifedipine abolished TEA-induced contractions in both segments.
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-60-40-2FIGURE 3. Line graph shows potassium current density (pA/pF) plotted as a function of membrane potential for Wistar-Kyoto (WKY), spontaneously hypertensive rat (SHR), distal segment (DS), and proximal segment (PS) aortic cells. Currents were elicited from a holding potential of -6mV. The resulting current-voltage plot was the same in cells from all rat strains (n=13-19 each).
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14 Thus, the depolarization-induced outward current measured under our conditions showed similarly high selectivity for K + in all aortic preparations.
Further comparison of the I-V relation ( Figure 3 ) also showed no difference between WKY, SHR, DS, and PS cells either in the detection threshold for macroscopic K + current (approximately -1 0 mV) or the K + current density measured at each potential. At the highest potential of +60 raV, peak current densities for WKY, SHR, DS, and PS cells were 23.7±3.3 pA/pF, 21.1±2.8 pA/pF, 24.2±2.7 pA/pF, and 23.1±3.6 pA/pF, respectively (n = 13-19 each).
Effect of TEA on K + Currents
The effect of external TEA on K + current density was studied in six cells from each aortic preparation. Currents were elicited by progressive 10-mV voltage steps from -60 mV. The effect of 1 mM and 10 mM TEA on peak K + currents elicited at +60 mV shows that TEA dose-dependenuy reduced K + current in all preparations ( Figure 5 ). Plots of the I-V relations indicate that TEA was equipotent in suppressing K + current in WKY, SHR, DS, and PS aortic cells (Figure 6 ). For example, 1 mM and 10 mM TEA reduced peak K + current elicited at +60 mV to 36±12% and 12±8% (WKY), 43±12% and 13±3% (SHR), 35±16% and 8±8% (DS), and 30±ll% and 10 ±6% (PS) of control amplitude, respectively.
Effect ofA23187 on K + Currents
Further I-V measurements were performed to determine if TEA-sensitive K + currents in aortic membranes were Ca 2+ -sensitive. The Ca 2+ ionophore A23187 was used to elevate intracellular Ca 2+ concentration ([Ca   2+ ]i) in patch-clamped aortic cells from WKY, SHR, DS, and PS. External application of 10 ^M A23187 for 5-10 minutes increased peak K + current density in all aortic cell types, consistent with Ca 2+ -sensitivity of K + current ( Figure 7 ). I-V plots showed that A23187 enhanced the I-V relation for K + current density in all aortic preparations (Figure 8 ). This enhancement was significantly greater in SHR and PS aortic cells than in WKY and DS cells at higher voltages (n=7-9 each). For example, the corresponding values for A23187-induced K + current densities at +60 mV were 65.2±15.4 pA/pF (WKY), compared with 129.7±23.4 pA/pF (SHR), and 64.5 ±18.3 pA/pF (DS), compared with 146.7 ±39.7 pA/pF (PS). 
Discussion
As measured in previous studies using radiolabeled ion flux techniques, arterial membranes from genetic and experimental models of hypertension showed an increased permeability to K+. 3 - 5 This enhanced permeability persisted at temperatures from 37°C to as low as 2°C, suggesting alteration of passive rather than active ionic flux. 16 In this study, standard tension recording was used to determine the functional implications of this altered K + efflux in aortas from SHR and aorticcoarcted rats. In addition, the patch-clamp method was applied to single cells isolated from the same aortas to investigate the underlying ionic mechanisms.
We initially compared the effect of TEA on aortic segments from SHR and WKY because reports consistently indicated that K + permeability is twofold higher in aortas from SHR than from age-matched WKY or Sprague-Dawley rats. 3 -4 As reported previously by others, 17 - 18 TEA was used in this study to determine if basal K + current was critical for regulating vascular tone in isolated arterial segments. The assumption was that if TEA-sensitive K + channels regulate arterial excitability, TEA-induced block of K + current will contract arterial muscle by causing depolarization and influx of extracellular Ca , 17 This was likely the mechanism of TEAinduced contractions in SHR aortas in this study since block of voltage-dependent Ca 2+ influx by nifedipine abolished TEA-induced contractions. The finding that, under the same conditions, TEA did not contract agematched WKY aortas, indicated that a TEA-sensitive K + conductance was not a critical mechanism for maintaining relaxation in these arterial cells.
Arterial membrane alterations in adult SHR may represent either the expression of a genetic defect and/or an acquired trait secondary to hypertension.
1 Therefore, we investigated if high blood pressure was a primary factor enhancing K + permeability in arterial muscle by studying PS and DS aortas from rats after partial aortic ligation. In this model, both PS and DS aortas have a common genetic origin and are in contact with the same circulating factors. Thus, differences between them may be attributed to changes in arterial pressure. Similar to the WKY, DS aortas did not contract to TEA in the present study. However, PS aortas previously exposed to high arterial pressure showed a nifedipine-sensitive contraction to TEA. Only the highest concentration of TEA (10 mM) induced contraction in 40% of PS aortas at 1 week after coarctation, whereas prominent contractions to 1,3, and 10 mM TEA were recorded in most PS aortas after 2 weeks. These data were consistent with the idea that aortic membranes exposed to high blood pressure show a time-dependent increase in a TEA-sensitive K + current.
An alternative explanation to consider is that a higher membrane resistance in the SHR and PS aortic cells amplified the depolarizing effect of K + channel block in these preparations. This is unlikely, however, since membrane K + permeability is higher in arteries from hypertensive rats, 3 -516 suggesting a reduced membrane resistance. Furthermore, most reports indicate that membrane potential in isolated arteries from hypertensive rats is comparable to that in normotensive animals, 19 -21 and a more positive potential would be expected if membrane resistance was elevated. It is also unlikely that the lack of contraction to TEA in WKY and DS aortas was caused by an absence of TEAsensitive K + channels in these membranes since a TEA-induced contraction was unmasked when WKY and DS aortas were precontracted by norepinephrine and TEA was equipotent in blocking K + current in patch-clamped cells from all aortic preparations. The latter agrees with previous reports of TEA-sensitive K + currents in cultured aortic muscle from normotensive rats, 22 as well as other arterial muscle cells. 23 - 25 Thus, the selective contraction by TEA of SHR and PS aortas was not explained pharmacologically by a more potent blocking action of TEA on K + channels in arterial membranes from hypertensive rats. Rather it appeared that similar TEA-sensitive K + channels were present but were not primary determinants of resting tone in arteries exposed to low pressure.
Our results concur with a previous report of enhanced TEA-induced contractions in carotid artery of stroke-prone SHR compared with WKY. 18 ]i induced by A23187 was comparable in all aortic cells, these data suggest that SHR and PS aortic membranes have a higher K + current density in the presence of activator Ca 2+ . In the whole-cell mode at 25°C, we were unable to evaluate possible changes in K + current density at more negative membrane potentials. However, in a preliminary report in cell-attached aortic patches of WKY and SHR, we have indicated that the open state probability of single K + channels in SHR membranes is increased fivefold at resting membrane potential. 30 This suggests that the mechanism responsible for the enhanced whole-cell K + current measured at positive potentials in this study still persists at physiological potentials in the intact arterial cell.
In conclusion, our findings support previous results from ion flux studies 3 -5 demonstrating an enhanced K + permeability in aortic myocytes from genetic and experimental models of hypertension. It appears that a TEA-sensitive K + current may be an important modulator of vascular contraction in aortas from hypertensive rats and may be differentially regulated by [Ca 2+ ]i. Although its role in the intact system is still speculative, TEA-sensitive K + current may represent a local compensatory mechanism to control vascular contraction and the level of arterial blood pressure in hypertension.
